The resolution of medical ultrasound systems can be improved using filtering techniques. We present a filter for improving the axial resolution that approximates an inverse filter but which is less sensitive to noise than a standard inverse filtermaking it suitable for use with ultrasound. This filter produces a superior image resolution to that gained by matched filtering, and also shows advantages over a Wiener optimal filter, and other filters presented in literature.
INTRODUCTION
In this paper we present a technique for designing a filter that improves the resolution of an ultrasound system, by approximating an inverse filter. We show that the results from such a filter provide superior resolution to that from a matched filter.
The Problem
Accurate measurements and the precise location of distinguishing features in medical ultrasound imaging are important for clinical decision making [l] (e.g. foetal dunensions for measuring growth; the thickness of plaques in intravascular ultrasound [IVUS] ; and carotid thickness measurements). When the ultrasound transducer is 'hit', it emits a broadband impulse, with a centre frequency of typically 2 to 30MHz, and lasting several cyclessee Figure 1 . The duration of this pulse limits the axial resolution of the image, reducing the accuracy of clinical measurements made from the resulting images -whether the image is presented in 2D or 3D. 
Other Filtering Techniques

PSEUDO-INVERSE FILTER DESIGN
We present a sigmoid based pseudo-inverse filter, tailored to the characteristics of the ultrasound transducer. This filter is, designed to be tolerant of noise, while still perfoirming a pseudo frequency inversion. This filter was first presented in the analysis of foetal heart ECG [4] [5].
Design algorithm
We consider the pulse reflected from a near perfect plane reflector to be a near perfect estimate of the system impulse response.
The filter is constructed in the frequency domain. The Fourier components of the system impulse response are normalised and then pseudo-inversed according to equation 1.
IF(@)(+d
Where Sig(x) is a sigmoid function, with values ranging between 0.0 and 1 .O; defined as: 1
In equation 1, G is a gain factor (typically 10 to loo), T is a threshold value, typically 1% to 10% of the normalised F(o) components, and d is a small stabilising factor (typically 0.01 to 0.05). The sigmoid function provides a smooth transition between an inverse filter (for large Fourier components) and a matched filter (for very small Fourier components)
The filter taps are formed by subsequent conversion back into the time domain by using an inverse Fourier transform. Figure   2 ).
Selecting parameter values
Example Filter Design
This filter is designed for an NUS system -its impulse response is shown in Figure 1 , and its power spectrum is shown in Figure 3 . We use the design parameters given above. Frequency (MHz) Figure 3 Power spectrum of IWS system impulse response.
Each Fourier component is normalised, and then sigmoid pseudo-inversed using equation 1. The gain function of the two resulting filters is shown in Figure 4 . Note that the gain function is close to an inverse withm the passband, and is close to a level shifted matched filter outside the passband. Multiplying the system impulse response and the filter response gives the power spectrum shown in Figure 5 . Frequency (MHz) Figure 5 Power spectra after applying two sigmoid pseudoinverse 6ltm-s to the systemimpulse response. Figure 6 shows the NUS system impulse response of Figure 1 after being filtered with the first example filter designed in section 2.2. The reduction in the main pulse width is significant. 
RESULTS OF PSEUDO-INVERSE FILTERS ON ULTRASOUND NEAR PERFECT REFLECTIONS
RESULTS OF PSEUDO-INVERSE FILTERS ON ULTRASOUND IMAGES
The Intravascular ultrasound ( N U S ) data presented here is from the same single element transducer used in section 2. 240 radial scan lines are used to make up the image (the scan lines being separated in angle by 1.5'). The data is presented here in a scan-converted format. The scan conversion involved a Hilbert transform (for envelope detection), then interpolation, a log transform and geometric correction to make the final image. All images presented have a dynamic
The five marked regions of interest are: 1.
2.
3.
4.
5.
A thin vessel wall whose precise location is clinically useful information. Two transition regions in close proximity. The precise distance between the boundaries is clinically useful infc)rmation. A thxk area of echogenic material, whose width is clinically u:jeful information. A double edge -although the second (outer) edge is not visible in this image. In this instance the outer edge is not clinically useful but serves as an example of resolving multiple edges in close proximity. An edge, obscured with "speckle". The edge in this instance is not Iclinically useful, but serves as a test for edge extraction from within "noise".
The Filters used
The filters are applied cnly in the axial dimension, prior to scan conversion.
The filters compared here are: 
Comparison with unfiltered image
In the five areas of interest above it is clear that a superior resolution has been obtained.
The width of the edge in area 1 is narrower, allowing more accurate estimation of its precise location. ( l b s is useful for clinical diagnosis, and also for edge detection algorithms used in automatic aredvolume estimations and in surface based three dimensional reconstructions).
In areas 2 and 3 the edges have become slightly more defined.
In area 4 the double edge has been resolved and can be clearly distinguished. In area 5 the edge is Using different parameters for the sigmoid based filter yields different results, with the background noise increasing with improved resolution.
Comparison with matched filter
Using a matched filter (see Figure 9 ) maximises the signal to noise ratio, but suffers from SignificantJy 
CONCLUSION
A sigmoid based pseudo-inverse filter; designed using a near perfect reflection from a plane reflector has been demonstrated as a viable technique for obtaining resolution enhancement for ultrasonic systems. Comparisons with a matched fdter are presented and show that the sigmoid based pseudo-inverse filter gives a si@icant improvement to the axial resolution. Other results indicate that this technique may also have advantages over a Wiener optimal filter.
Improvements in the ultrasound resolution by pulse compression have been demonstrated. Further research is being conducted into optimising the parameters of the presented filters, and comparisons with other pseudo-inverse techniques.
